"Functional" amyloids are found throughout nature as robust materials. We have discovered that "template" and "adder" proteins cooperatively self-assemble into micrometer-sized amyloid fibers with a controllable, hierarchical structure. Here, Escherichia coli is genetically engineered to express a template protein, Gd20, that can initiate self-assembly of large amyloid fibrils and fibers. Through atomic force microscopy (AFM) we found that expression of Gd20 produces large amyloid fibrils of 490 nm diameter and 2-15 μm length. Addition of an extracellular adder protein, myoglobin, continues self-assembly to form amyloid tapes with widths of ∼7.5 μm, heights of ∼400 nm, and lengths exceeding 100 μm. Without myoglobin the amyloid fibrils are metastable over time. When myoglobin is present, the amyloid fiber continues self-assembling to a width of ∼18 μm and height of ∼1 μm. Experimental results demonstrate that large amyloid fibers with a tailored stiffness and morphology can be engineered at the DNA level, spanning four orders of magnitude.
Introduction
Amyloid fibrils are usually studied in the context of neurodegenerative diseases. 1 "Functional" amyloids used by organisms for survival are being discovered, such as in the barnacle cement of Megabalanus rosa. [2] [3] [4] The functional nature, high specific modulus, and ability to be self-assembled from a variety of proteins make amyloids interesting designer nanomaterials. [5] [6] [7] There are many studies of the nanometersized amyloid fibril, which displays consistent morphology and properties when produced from a variety of proteins. [8] [9] [10] The amyloid fibril is composed of high strand density β-sheets that are oriented perpendicular to the fibril axis. 11, 12 Recent research has demonstrated that it is possible to grow large amyloid fibers with tailored morphology (circular or rectangular cross-sections) and modulus (0.1-2.5 GPa) in vitro by utilizing a "template" and "adder" protein mixture. 13 The large amyloid fibers form from nanometer fibrils that continue to interact to the micrometer scale. 14 Different amyloid fibers can be self-assembled by altering solution conditions, template to adder protein molar ratios, or adder protein length and sequence. 13, 15 Template proteins are capable of conformation change on their own but adder proteins are not. The predominantly hydrophobic template protein assumes the β-sheet as the lowest energy state to hide most hydrophobic groups between the sheets. For a population of template proteins, most hydrophobic groups are hidden inside the β-sheets but the template still has hydrophobic faces. Hydrophobic groups on the α-helices of predominantly hydrophilic adder proteins prefer the exposed hydrophobic groups on the template, undergo an α to β transition, and "add" into the structure to form larger β-sheets and fibrils. It is the "addition" event that allows further self-assembly beyond the stable nanometer template scale and is what makes this system unique. The conformational changes resulting from addition allow a large entropy gain by the water relative to template formation alone. Further assembly involves a competition between hydrophobic and hydrogen bonding interactions that differentiates morphology and properties based on adder protein properties. Observation of a controllable, hierarchical protein selfassembly process fostered the notion that large structures of varying shape and modulus could be encoded at the genetic level. For instance, a cylindrical fiber 20 μm across and 10 4 μm long with a 1 GPa modulus could be built simply by inserting the DNA of the correct template and adder proteins into a cellular expression system. The fiber could be constructed into a composite by expressing a third, non-assembling protein or polymer to act as a matrix. Silk-like copolymers and recombinant collagen have been produced by expressing the desired protein(s) in E. coli or P. pastoris. 16, 17 Unfortunately, the target protein(s) must undergo substantial post-expression processing to assemble the protein fiber. 18, 19 Scheibel et al. used Sac-protein that self-assembled into amyloid fibril templates to form conducting nanowires. 20 Here we investigate the potential for genetically encoded self-assembly through the expression of our template protein, Gd20, in E. coli with and without the extracellular addition of the My adder protein.
Materials and methods

DNA insertion
All chemicals were obtained from Thermo Fisher Scientific unless otherwise specified. All bacteria were grown on LB media supplemented with 100 mg L −1 ampicillin or 15 g L 
Gd20 expression
Cells containing the Gd20 plasmid were grown up in LB-Amp to an optical density at 600 nm (0D 600 ) of 0.5. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added at a concentration of 0.4 mM to X and XMy to induce expression of Gd20. Myoglobin (My, from equine skeletal muscle, Sigma-Aldrich, St. Louis, MO, UniProt P68082) was added to NXMy and XMy at a concentration of 12.5 mg ml −1 , which was simply the concentration used previously and was expected to be sufficient to allow addition into any Gd20 template produced. 13 
Fourier-transform infrared (FT-IR) spectroscopy
The four cell cultures were dried on Teflon coated aluminum foil after 43 and 72 hours of incubation. Spectra of the dried cultures were acquired on a Thermo Fisher Scientific, Inc.
(Waltham, MA) 6700 FT-IR with a Smart Orbit diamond attenuated total reflectance (ATR) accessory. Spectra were acquired using Omnic v8.0 software in the same manner as previously reported. 13, 15 The spectral region from 1720-1580 cm −1 was isolated and manually smoothed with the Savitzky-Golay algorithm using 9-13 points. The second derivative of the Amide I spectral region was taken without filtering to identify the individual Amide I components.
Atomic force microscopy (AFM)
AFM was performed on an Innova AFM (Bruker, Santa Barbara, CA) after 37 hours (X, NX, XMy) and 72 hours (X, NX, XMy and NXMy) with samples prepared, imaged, and enhanced in the same manner as previously reported.
14 Nanoindentation of the large fibrils (X) and fibers (XMy) was performed in contact mode with a 0.01-0.025 Ohm cm antimony-doped Si probe (Bruker, part: MPP-31123-10, R: 8 nm and k: 0.9 N m −1 ). The deflection-displacement curves were obtained with NanoDrive v8.01 software using the Point Spectroscopy mode with 512 points taken at a 0.5 μm s −1 approach/ retreat rate. The curves were converted to a force-displacement curve utilizing the probe's spring constant according to the manufacturer. 23 Young's modulus was extrapolated according to Guo et al. with Poisson's ratio taken as 0.3, which has been used in previous amyloid studies. 24, 25 11 indentations were performed on 2 XMy fibers (XMy) and 6 X large fibrils (X) each at 37 hours. 7 indentations were performed on 1 XMy fiber and 4 X large fibrils each at 72 hours. The averages ± the standard errors are reported.
Results and discussion
Four cell cultures are analyzed with atomic force microscopy (AFM) and Fourier transform-infrared (FT-IR) spectroscopy to determine the presence of amyloid fibrils or fibers and their structure: (1) cells without expression of Gd20 (NX), (2) cells without expression of Gd20 but My addition (NXMy), (3) cells with expression of Gd20 (X), and (4) cells with expression of Gd20 and My addition (XMy). The four cell cultures (NX, NXMy, X, XMy) are analyzed with AFM to assess fiber formation in the presence or absence of Gd20 or My. The NX culture shows coalesced, partially lysed E. coli with no fibrous structures (Fig. 1a) . When Gd20 is expressed in the X culture several fibrous structures appear throughout the solution. X produces large amyloid fibrils of 490 nm diameter and 2-15 μm length (Fig. 1b-d ) similar to the large fibrils observed in vitro previously.
14 Closer examination of the fibrils reveals that E. coli is attached to the surface (Fig. 1c) . The small molecular weight and high hydrophobicity of Gd20 (ESI Table 1 † and Fig. 1 ) may cause some of it to embed in the cell lipid bilayer and become partially exposed outside the cell surface, acting as a bridge between the cell and the self-assembled amyloid fibril (Scheme 1). Previous studies have indicated that a template and an adder protein are necessary for the formation of large amyloid fibers at near physiological conditions. 13 Extracellular My is added to the cultures to determine how a proven adder protein affects the formation of amyloid fibers. The NXMy culture tests how My interacts with E. coli in the absence of Gd20. NXMy does not form fibrous structures and the My appears to coalesce along with E. coli, similar to what is observed in the NX culture upon spin coating (Fig. 1e) . On the other hand, XMy self-assembles into large amyloid tapes with width of ∼7.5 μm, height of ∼400 nm, and lengths exceeding 100 μm (Fig. 1f-h ). The tape is composed of large fibrils of widths 400-900 nm (Fig. 1g ) that resemble those in Fig. 1b and c from the X culture and previous studies. 14 This process largely mimics the self-assembly of protein mixtures in vitro where Gd20 and My aggregate into (a) ∼30 nm wide protofibrils, (b) protofibrils aggregate into ∼100 nm wide fibrils, (c) fibrils aggregate into 400-900 nm wide large fibrils of elliptical crosssection that then (d) aggregate extensively laterally and limitedly vertically into ∼7.5 μm wide tapes of rectangular crosssection. [13] [14] [15] Protofibrils have been shown to have an intrinsic twist due to the left-handed chirality of the amino acids within the high density β-sheet core. 26 This was confirmed with WG and Gd:My template and adder systems in vitro with AFM.
14 Spectroscopic studies have indicated that hydrophobic Scheme 1 Genetic encoding of the Gd20 template protein into an E. coli plasmid results in the self-assembly of amyloid fibrils and fibers spanning four orders of magnitude. interactions promote self-assembly of smaller structures into larger structures, which is what drives aggregation to higher scales here as well (Scheme 1 and Fig. 3) . 13, 27 For Gd:My, the twist at the protofibril stage does not persist to higher stages. X and XMy cultures are imaged after 72 hours to determine if the amyloid structures continue to self-assemble over time. Fibrils from the X culture are of smaller width, ∼200 nm (Fig. 2a and ESI Fig. 2 †) , than at 37 hours, ∼490 nm (Fig. 1b-d) . The decrease in width suggests that the 490 nm large fibril is metastable or not fully compacted at early times. Indeed, few studies have been able to surpass the ∼100 nm width barrier for amyloid fibrils or tapes formed after long incubation times. 28, 29 So the metastability of a larger structure may be intrinsic to certain amyloid forming proteins, especially systems that have only 1 assembling protein. After 72 hours XMy assembles into a tape similar to early times but with a larger width of ∼18 μm and height of ∼1 μm (Fig. 2b and ESI Fig. 2 †) suggesting that unassembled proteins in a mixture of template and adder proteins continue to interact as time progresses to grow toward an equilibrium structure.
Analysis of the Amide I absorbance obtained from Fourier transform-infrared (FT-IR) spectroscopy can be used to determine protein secondary structure. 30 ,31 NX does not contain any significant structure ( Fig. 2c and 3a) . Expression of Gd20 (X) shows the presence of α-helices (∼1650 cm −1 ), the predominant structure of Gd20 as predicted with PSIPRED, 32 and β-sheets (1610-1630 cm −1 ) as the template forms, including high strand density β-sheets found in amyloids at <1625 cm −1 . 33 X β-sheets appear metastable as the ratio of the area of the β-sheet region to the α-helix region decreases from 2.1 at 43 hours to 1.8 at 72 hours (Fig. 3a) . The addition of My is evident from increased α-helical content, the predominant My secondary structure. β-sheet formation occurs when My is exposed to E. coli (NXMy) or E. coli that express Gd20 (XMy) at times coincident with the AFM data in Fig. 1 . Native My is 79% α-helix with no β-sheet content. We have observed consistent α to β transitions in our in vitro fiber-forming systems with My as the adder protein and this would appear to be the case with NXMy and XMy. NXMy does not show fibril or fiber formation but My can self-assemble into amyloid fibrils under the right conditions. 34 Here, My forms β-sheets, the elementary amyloid structure, probably on the hydrophobic cell surface, which mimics our template protein characteristics to allow the α to β transition but not fibril formation. Proteins have been shown to undergo α to β transitions on hydrophobic surfaces. 13, 35 XMy displays the largest β-sheet content and consistent large fiber formation indicating that the Gd20 template can influence β-sheet formation and is important to fiber formation. XMy has the highest ratio of δ s (CH 3 )/δ as (CH 3 ) at 1350 cm −1 /1400 cm −1 , which we term "hydrophobic packing"
and describes the interdigitation of alanine (A), isoleucine (I), leucine (L), and valine (V) amino acid side groups as one driving force for self-assembly of large amyloid fibrils and fibers (Fig. 3b) . 15 More importantly, XMy has dramatic changes in the 1250-1050 cm −1 region, which is quantified by the ratio of ν(CO)/ν(CN) at 1150 cm −1 /1080 cm −1 (Fig. 3b-d ).
36
Gd20 contains 4 threonine (T) and My contains a significant amount of amino acids with CO and CN in the side groups (ESI Fig. 1 †) so the profound increase in ν(CO) and ν(CN) would indicate these amino acids release from My α-helices and aggregate with each other. Modulus results for X large fibrils and XMy tapes, obtained from AFM nanoindentation in contact mode, support the conclusion that XMy continues self-assembly into a stable large tape with an increasing modulus, while X forms a metastable large fibril as evidenced by a decreasing modulus over time (Fig. 2d) . These moduli are much lower than previously reported results for fibrils, fibers, and tapes. 13, 15, 37 The in vivo formed XMy tapes (Fig. 2b) show that the large fibrils are not fully aggregated together and thus do not produce as cohesive a tape as observed from in vitro systems. [13] [14] [15] This could be for several reasons: (1) some portion of the Gd20 template protein remains embedded in the cell membrane while the remainder allows for limited self-assembly with itself or My (Scheme 1) and (2) the molar concentration of fully excreted Gd20 may be sufficient to initiate My conformation change and addition into the self-assembling structure but that addition is limited due to a limited Gd20 concentration because the template : adder molar ratio has been shown to play a role in the selfassembly of large amyloid fibers. 13 
Conclusion
By utilizing E. coli to express an amyloid-forming template protein it is possible to grow micrometer sized amyloid tapes upon addition of a suitable adder protein. XMy forms tapes of the same size, morphology, and fibrillar hierarchy as observed in vitro. 14 These tapes can vary in modulus and can be coaxed to twist into cylinders to change morphology and properties. 15 By understanding self-assembly from the molecular to the macroscopic scale, it is possible to build fibers of predictable cross section, from rectangular to circular, and modulus, from soft to rigid, by controlling the type and amount of template and adder proteins. Since protein amino acid sequence can be controlled at the genetic level, it is then also possible to encode the properties of a macroscopic structure at the genetic level in a predictable and controllable manner. It is envisioned that large-scale structures for use in engineering applications could be encoded at the genetic level. The scheme also shows that it is possible to program cells to build their own fibrous scaffold, making the self-assembly process a unique tissue engineering motif. Furthermore, this method could be used to reconstruct the cell cytoskeleton or to recompartmentalize cells to make more robust organisms for industrial bioprocessing. It is hopeful that this study will provide the basis for future genetic engineering of spontaneously forming macroscopic biomaterials.
